ABSTRACT In recent years, Micro LED technology has been popularly developed. How to improve the issue of color stability in Micro LED technology is an important and also a difficult research topic. Here, the brightness decay and color displacement in high chip temperature are the two major factors in the color quality of Micro LED display image. In this paper, the technique of thin metal package is applied in the LED package to effectively improve the material thermal resistance of the LED package. By improving the material thermal resistance of the LED package, it could improve the brightness decay 5% in LED high junction temperature. The proposed method could reduce 0.01 of Cx displacement in LED high junction temperature and control Cy displacement less than 0.005 in chip junction temperature 45 • to 110 • . From the experimental results, the proposed method could exactly improve the color quality of quantum well Micro LED display image in high temperature.
I. INTRODUCTION
Recently, micro LED display technique has become an innovative and popular research topic. Micro LED is a selfilluminating display technology and can be viewed as a next-generation display technology. Compared with LCD displays and OLED displays, a LED display contains many advantages, including lower power consumption, higher color saturation, simpler opto-mechanical, higher resolution, easy control, etc. However, several problems of Micro LED need to be improved. The issue of color stability is one of Micro LED problems. If red, green and blue spectra are instable, the display image will become dirty color. Two factors may cause the instability of Micro LED, including the spectrum difference and brightness decay rate between each red, green and blue chip being large [1] . Image technology in Micro LED Display is currently divided into RGB mixture and quantum well. Quantum well mainly uses blue-light chips and phosphor with different frequency spectra for mixing light and color matching. This study aims to improve the heat dissipation of package structure as well as stabilize the luminance decay of blue chips and color shift caused by the temperature rise of phosphor.
The color of each pixel in the display would appear off shade due to the brightness of red, green, and blue light as well as the spectrum stability of color. Both micro led displays and OLED are self-luminous displays that the brightness stability and color stability of each LED is relatively important. Current development of micro led displays includes RGB and quantum well light-mixing technology. RGB shows stricter difficulties as the semi-conductor structures of RGB are different that the luminance decay, spectrum color shift, and starting voltage stability of chips would be different. It is primarily estimated that there are more than 9 uncertainties in RGB light-mixing technology, which would result in great influence on the successive mass production yield and life stability. In comparison, quantum well focuses on blue-light chips and phosphor with different spectra is used for the mixed-light design that the future production yield would be more stable. Quantum well is therefore used for discussing the benefit in color stability after improving the thermal structure of LED packaging test.
In this study, a new low thermal resistance LED package is designed, and the influence of thermal factor on the color stability is investigated. In general, high power LED (HP-LED) applications usually encounter the thermal issue in low light conversion, 30∼35%, and 65∼70% of input electrical power is transferred as heat to heat up the LED to result in the junction temperature rise. The luminous flux drops to 30% ∼90% with the increase of the junction temperature from 25 • to 100 • , depending on the type of LED used [2] , due to the increases of electron and hole concentration, the decreases of forbidden band width and electron mobility, and even the influence of thermal quenching effect on fluorescent powder [3] . In this case, for HP-LED applications, the design of LED chip, the package structure and materials against high temperature becomes important.
The thermal dissipation pathway for different LED packages [4] contains the radiation and conducting modes, and here, the efficiency of the thermal conducting mode is relatively higher. The thermal dissipation pathway for the conducting mode is from a LED chip to the package bearer, solder, system board, and heat sink. The LED package is used for connecting the electrode of LED chip with external metal routing of system board, and the LED package protection, such as stress, water, and vapor et al. can ensure the workability of the LED chip. When the temperature increases, the package structure also generates an ultra-high thermal resistor to affect the efficiency of thermal dissipation. In early lamp-type LED [5] , only little heat dissipates through the poor resin to the atmosphere, and most heat is induced to the substrate via small wires. Its package thermal resistance is about 250-350 • C/W, and can only be applied in lower power LED package. For Surface Mount Device (SMD)-type/ Surface Mount Technology (SMT) LED [6] , its substrate can effectively increase the heat dissipation area and combine with heat sink [7] or larger area fins to improve the efficiency of heat dissipation and reduce thermal impedance. Therefore, the LED chip scale package (LED CSP) of SMD LED has become the current mainstream of HP-LED package.
The traditional SMD LED chip uses a sapphire substrate to provide a better light extracting [8] , but its efficiency of heat dissipation is very poor due to its low thermal conductivity (20W/mK). For this reason, GaN substrates [9] , copper alloy and silicon substrates with higher thermal conductivities replace the sapphire substrate to enhance the cooling capability. Flip-Chip (FC) [10] LED package can also improve the efficiency of heat dissipation, but it will reduce the luminous effectiveness due to the light being easily blocked by its cathodes. GaN substrates can also be used in vertical LED (VLED) [11] , as the GAN substrate is conductive and the electrode can be directly placed under the substrate to provide a better efficiency of heat dissipation and to avoid light being blocked. Another important heat dissipation of contact model is between LED chip and lead frame, so the lead frame will use the thermal substrate for lower thermal resistance to groom heat. Most of LED CSPs contain the similar lead frame, and their major differences are the design and materials of the heat-dissipating substrates, such as printed circuit board (PCB) [12] , metal-core printed circuit board (MCPCB) [13] , and ceramic substrate [14] . PCB is the most frequently used substrate due to its cheaper costs, but its performance on heat dissipation is not excellent (< 0.5 W/mK). PCB substrate therefore is not suitable for HP-LED applications. Compared with PCB substrate, MCPCB substrate can provide a better thermal conductivity, but the isolation material (polymer) of these metal lines also causes the higher thermal resistance. In order to improve the above issue, additional thermal vias [15] or the dielectric material replacement [16] are used in MCPCB. For ceramic substrate, Al 2 O 3 is the majorly used material due to its advantages of lower costs and easy production, but it will also encounter the issue of higher thermal resistance. In order to improve this issue, the materials of AlN, SiC, etc. can be used for replacing Al 2 O 3 with Direct Plate Copper (DPC) process [17] , but they require more expensive costs and are difficult to produce.
In order to overcome the above problem in LED package, a novel approach of LED package for HP-LED applications is proposed in this study. Here, thin metal package (TMP) substrate is used for replacing the traditional lead frame and the heat-dissipating substrate. Compared with the LED CSP using ceramic substrate, the complex metal alloy film can provide a lower thermal resistance to perform the higher flux luminance. Moreover, thin metal package without the layer of ceramic substrate (about 200 uA) can effectively reduce the package thickness (from > 500 uA to < 300 um). The proposed LED package requires less fluorescent powder and glue used in LED package and can provide the thinner thickness for better 1st/2nd lens design, and it exactly fits the requirement for slim LED system.
II. OVERVIEW OF LED CHIP SCALE PACKAGES
The major thermal dissipation pathway of LED CSP is the conducting mode via the contact surface between the LED chip and its lead frame. Fig. 1 (a) shows the basic scheme of the lead frame structure for PCB, MCPCB or ceramic substrates. PCB substrate consists of a glass fiber woven material and epoxy resin composed of insulating pre-impregnated material (PrePreg, PP: FR4), and then copper foils are prepared between through holes for circuit connection. Here, PP is the major heat transformer medium, but it contains a very high thermal resistance (50 K/W). An additional thermal via is usually used to reduce the thermal resistance, but the whole efficiency of heat dissipation is still limited. Next, MCPCB substrate, using a thick aluminum and copper substrate to reduce the thermal resistance, is used to replace PCB substrate. Here, the insulated metal substrate (IMS; PrePreg, PP or polymer) is used to isolate the circuits between the LED chip and metal substrate. However the thermal conductivity of IMS is low (about 0.2∼0.5 W/m-K), and this will result in the limitation of heat dissipation efficiency for MCPCB substrate. Its thermal resistance is about 10∼30 K/W. Recently, ceramic substrate, which can provide good characteristics in electric isolation and high thermal conductivity, and does not require the IMS layer, is used to replace MCPCB substrate, and applied in HP-LED applications. For ceramic substrate, the material of Al 2 O 3 is used for electrical insulation, but it cannot provide lower thermal resistance. Therefore, for ultra high power LED applications, the new ceramic materials have to be surveyed, such as BeO, AlN, and SiC substrate etc., but these materials are rare and much expensive than PCB and MCPCB. Using the technique of direct plate copper [20] can also reduce the surface thermal resistance between LED chip and ceramic substrate.
In order to improve the above issue, thin metal package, as shown in Fig.1 (b) , is proposed to remove the thermal substrate from the traditional lead frame. However, when removing the thermal substrate from the traditional lead frame, it will lack the bearing substrate to provide a sufficient supporting force under the processing of LED chip mounting, and it will reduce the optical efficiency and stability due to lack of metal plates with higher light reflectivity. Therefore, the basic concept of thin metal package is to insert the thin metal alloy layer, which contains the excellent thermal conductivity and electrical conductivity, as the bearing substrate to increase the bottom contacting area for circuit connection and heat dissipation. Moreover, a temporary bearing plastic plate (FR4) is used to provide support force while LED chip mounting before tape reel.
III. PROCESS OF THIN METAL PACKAGE
In the TMP process, the thin metal film with the circuit pattern has to be coated as a thin metal plate, and then this thin metal plate has to be mounted on the temporary plastic plate by using glue for TMP prepare. The following assembly process is to mount the LED chip on the thin metal plate, to wire bonding for the front side of LED, to glue (phosphor coating, silicone molding, dicing, testing), and finally tape reel. In the LED SMT process, the good dice will be taken off from the temporary plate to tape reel, and then will be mounted to the system board. When removing the thermal substrate, in order to connect the power pad to the system board, only FC LED could be used because the cathodes of FC LED are both on the back side. But it will also reduce the luminous effectiveness due to that light is easily blocked by its cathodes. Using the thin metal package could improve this limitation, and it can easily be applied in different types of LED chip mounting, such as wire bonding LED with/ without thermal dissipation enhancement, Flip-Chip LED, and Vertical-LED, as shown in Fig. 2 (a)-Fig. 2 (e) . Fig. 3 (a) and Fig. 3 (b) show the implementation of wire bonding and Flip-Chip LED used TMP.
IV. THERMAL RESISTANCE MODEL
Thermal resistance Rth [21] is an evaluation criterion used to determine the thermal capacity of electronic components, and its unit is • C/ W, which denotes temperature difference between the terminals of the thermal path per 1W heat transfer power. For the SMD LED package type, the heat flow from LED PN junction node to different layers, the thermal resistance of each component layer can be expressed by L/kA [22] , [23] , where L is the distance forward (unit: m), k is the thermal conductivity, also called heat conduct coefficient (unit: W/m-K), and A is the contact area of heat conduct (unit: m2). Therefore, let Q and T denote the component power dissipation and temperature difference between the component terminals, the thermal resistance Rth can be given by Rth= T/Q = L/kA. For LED package, two or more solid materials might be mounted, and the roughness of their contact surfaces will affect the thermal resistance measurement due to the slit between two surfaces. Therefore, one-dimensional heat conduction model, also called thermal circuit model [24] , [25] , is used in this study to simply the evaluation of thermal resistance of LED package. In this model, each layer of LED package can be viewed as an equivalent thermal resistance, and the total thermal resistance of the LED package is the sum of these equivalent thermal resistances. The thermal circuit models of LED CSP with the conventional thermal substrate and 70124 VOLUME 6, 2018 TMP are shown in Fig. 4 (a) and Fig. 4 (b) respectively. Here, for MCPCB substrate, the thermal resistance of its substrate (Rth MCPCB) is equal to the sum of Rth Cu Foil, Rth PP, Rth_Cu/Al, Rth PP, and Rth Cu Foil [26] . For ceramic substrate, the thermal resistance of the substrate is equal to the sum of Rth Cu Foil, Rth Al 2 O 3 substrate, and Rth Cu Foil. For TMP, three metal films, including Ag/Ni, Cu, and Ag/Ni films, are used, and therefore, the TMP Rth is equal to the sum of Rth Ni/Ag alloy (L = 5 um, A = 45mil2, k = 436 W/m-K for Ag, k = 93 W/m-K for Ni), Rth Cu (L = 30 um, A = 45mil2, k = 402 W/m-K), and Rth Ni/Ag alloy, and total Rth of TMP is about 0.16 K/W [27] . Therefore, the IMS has higher thermal resistances, such as PP in MCPCB substrate (Rth = 27.6K/W, L = 72 um, A = 45mil2, k = 2W/m-K) and Al 2 O 3 in ceramic substrate (Rth = 7.9K/W, L = 400 um, A = 45mil2, k = 39W/m-K) [28] , have become the bottleneck of thermal dissipation. Therefore, rare materials, such as AlN and SiC, are used to replace Al 2 O 3 due to their high thermal conductance (170 W/m-K for AlN, 270 W/m-K for SiC) [27] , [28] . However, other factors, such as the thermal contact resistance [29] between different package materials and spreading resistances [30] , the thickness of Cu foil in MCPCB and ceramic substrate, and even glue for chip mounting, etc., also influence the real thermal resistance, but they are difficultly estimated in 1-D thermal resistance model. Therefore, the true thermal resistance has to be corrected from the real measuring silicon data. Moreover, the COMSOL Multiphysis (COMSOL, Ltd. Sweden) was also used to build the 3-D model of different LED chip packages (MCPCB, Al 2 O 3 substrate, and TMP) to perform junction temperature (Tj) simulations and investigate thermal resistances of different LED chip packages.
V. THERMAL RESISTANCE MEASUREMENT
The traditional method of measuring thermal resistance can only measure the whole thermal resistance of the LED, but it cannot obtain the thermal resistance of each layer, such as the chip, the solid crystal materials and substrates, and other multi-layer materials. In order to obtain the thermal resistance of each layer, the interface thermal resistance measurement technology [31] has to be performed. Here, the thermal resistance measurements of LEDs with MCPCB, Al 2 O 3 , SiC substrate, and TMP were carried out by a thermal transient tester (T3ster, MicRed-Mentor Graphics, Ltd. U.S) to monitor the thermal behavior of the delaminated LEDs' package materials. In this measurement, transient cooling curves [31] are converted to cumulated structure functions C (R ) [31] for non-uniform 1-D RC networks [32] , [33] . It is easier to identify the interface between the sections using the derivative of the cumulative curve, i.e. the differential structure function K(R ) [34] , and its local maximums and minimum correspond to the regions of lower thermal resistance and higher thermal resistance respectively. The inflection points of K(R ) means the interface surfaces between local maximums and minimum, and the thermal resistance of delaminated LEDs' package materials could calculate in the two adjacent inflection points. In this study, the differential structure function was used to verify the thermal resistance of different thermal substrate. 
VI. RESULT: THERMAL RESISTANCES CORRESPONDING TO DIFFERENT PACKAGES
In this section, the thermal resistance difference between different LED packages was investigated. Fig. 5 (a) and Fig. 5 (b) show the differential structure function and the VOLUME 6, 2018 experimental results obtained from different TMP DUT samples. The thermal resistance between the chip and the TMP is 1.3 K/W, that between the TMP and solder board is 1.6 K/W, that between the solder board and ambient is 21.8 K/W, and the total thermal resistance is 41.6 K/W. The thermal resistance of LED Chip and TMP is 1.3 ± 0.043 and 1.6 ± 0.009 K/W respectively. The thermal resistance of TMP is close to that of LED chip, and it means the TMP can provide a lower thermal resistance to disappear the heat from chip to the ambient through system board. Fig. 6 (a) and Fig. 6 (b substrate and SiC substrate are 5 µm, 55 µm, 75 µm, and 7.5 µm respectively. Moreover, the thickness of P.P in MCPCB will also affect the real thermal resistance, and some ceramic materials are used to replace P.P. But the performance of using ceramic materials is still limited, and its thermal resistance is still larger than that of other package without specific structure fine tune. The expected values of TMP in 1-D thermal resistance model are 0.36 K/W and 1.1 K/W, and their real thermal resistances are larger due to the influence of the contact coefficient. In real LED package, the thermal contact resistance would be included due to that the roughness interface between these delaminated package materials might be filled by air, and impurity etc., and these materials contain very low thermal conductivity and will impact the real thermal resistance. The Cu thickness of SiC is only 7.5 µm, and it cannot provide a larger area in thermal gradient direction. However, the thermal resistances of TMP and SiC substrate are still much lower than that of MCPCB and Al 2 O 3 substrate, to fit the requirement of smaller LED CSP size. From the above results, the thermal resistance of TMP is exactly lowest due to its high thermal conductivity of metal material, and it can greatly improve the thermal resistance of the conventional thermal substrate in LED CSP, such as MCPCB, or ceramic substrate.
VII. RESULT: LED JUNCTION TEMPERATURES CORRESPONDING TO DIFFERENT LED PACKAGES
In this section, the LED junction temperatures of different LED packages are first investigated. The thermal resistances of different LED packages will directly affect their LED junction temperatures. Fig. 7 (a) shows the LED junction temperature simulation under 2W input power. It shows that the LED junction temperature of LED packages by using MCPCB, Al 2 O 3 substrate, and TMP are 153.2 • C, 128.4 • C, and 126.0 • C respectively. For TMP, its lower LED junction temperature may be explained by that heat could be quickly disappeared from LED chip to ambient due to its lower thermal resistance. Fig. 7 (b) shows the comparison between the simulated and real LED junction temperature of different LED packages. It shows that the real LED junction temperatures of different LED packages are exactly similar to their simulated LED junction temperatures. The difference between the simulated and real LED junction temperatures of LED packages by using MCPCB, Al 2 O 3 substrate, and TMP are 4.8 • C, 2.5 • C, and 1.3 • C respectively. This is due to that several contact thermal resistances of the boundary thin layers, such as air, heat paste, and glue, might affect the real LED junction temperature.
Next, the effects of LED chip size (mil 2 ) and LED chip types on LED junction temperatures are also investigated. Here, the chip sizes of 22.5 mil 2 and 38.5 mil 2 are used, and the LED chip types of 850 nm GaAlAs-based IR LED and 450 nm GaN-based blue light LED are used. It shows that the smaller contact area between the LED chip and the thermal substrate may provide the higher thermal resistance to cause the higher LED junction temperature. Moreover, with the same chip size, the LED junction temperature of GaAlAs-based IR LED is lower than that of GaN-based blue light LED. Therefore, for GaN-based blue light LED, using the thermal substrate with the lower thermal resistance is important to ensure the LED chip working within the safe temperature range.
According to the input power of LEDs, they can be divided into high power LED (HP LED; input power > 1W), medium power LED (MP LED; 1W > input power> 0.5W), and low power LED (LP LED; input power < 0.5W). In recent years, the use of HP LEDs become more popular, but higher driving current also increase the LEDs junction temperature to affect the optical characteristics of LEDs. Compared with MCPCB and ceramic substrate, the proposed TMP substrate can provide a lower thermal resistance to greatly improve heat dissipation to reduce the junction temperature. [37] . For the input power of 1.5 W, the rising temperatures of Al 2 O 3 substrate, SiC Substrate, and TMP are 7.2 • C, 3.8 • C, and 2.4 • C respectively. All of the used materials in LED package provide different thermal resistances to exactly affect the rising temperature on the LED junction. By removing the conventional thermal substrate, such as MCPCB and Al 2 O 3 substrate, TMP can provide ultra-low thermal resistance. Moreover, mounting the LED chip through TMP to the solder board could shorten the thermal path to greatly improve the heat dissipation efficiency. From the above results, TMP exactly contains the potential of applying in ultra-high power LEDs.
VIII. RESULT: EFFECT OF LED JUNCTION TEMPERATURE ON OPTICAL CHARACTERISTIC OF LED
With the increase of the junction temperature, the luminous flux will degrade, color temperature will shift due to the change of emitted light wavelength, and even the lifetime of LED is also shortened [35] , [36] . In this section, the effect of LED junction temperature on optical characteristic of LED was investigated. Fig. 9 shows the relative luminous flux corresponding to the junction temperature of LED in VOLUME 6, 2018 different packages. Here, the relative luminous flux was measured by using an integrating sphere (TeraLED, Mentor Graphics, Ltd. U.S) [37] . The LED chip with the LED light efficiency temperature coefficient [38] substrate, SiC Substrate, and TMP respectively. For the ambient temperature of 25 • C, TMP can provide the best performance of reducing the luminous flux loss. This can be explained by TMP can provides lowest thermal resistance to effectively reduce the junction temperature of LED. When the input power increases from 0.5W to 2W, the improvement rate of reducing brightness attenuation for TMP is about 2 times of MCPCB, 1.1 times of Al 2 O 3 substrate, and also better than that of the SiC substrate. Fig. 10 shows the color temperature corresponding to different input powers for different LED packages. Cx, Cy are (x, y) chromaticity values in the CIE color system, and CCT is the notation of Correlated Color Temperature [39] . Under the input power of 1.5 W, the values of (Cx,Cy) / CCT for MCPCB, Al 2 O 3 substrate, SiC Substrate, and TMP shift from (0.4405,0.4057) / 2971K to (0.4210,0.3991)/ 3262K, (0.4286,0.3998)/ 3127K, (0.4292,0.3996)/ 3115K, (0.4305,0.4007)/ 3094K respectively. Under the input power of 1.5 W, the CCT shift of TMP is about 123K, and is about half of that of MCPCB, and also smaller than that of Al 2 O 3 substrate and SiC substrate. Therefore, TMP could exactly provide the better performance of reducing the LED junction temperature to improve the CCT shift [40] .
IX. CONCLUSIONS
In this study, the LED material thermal resistance is reduced to drop brightness decay and color displace. The research results show that TMP improves brightness decay 5% and color displacement ( X, Y) = (0.01, 0.005). From the CIE diagram, the X offset is mainly caused by heat dissipation; the larger X would result in the mixed-light color inclining to blue, and the off shade at Y would incline to green or red.
In the packaging experience, heat dissipation could stabilize phosphor on the excitation spectra, as the high temperature of Tj would shorten the life of surface phosphor and appear blue shift. Current displays are equipped the mechanisms of active ambient light detection and display brightness adjustment that each LED on a micro LED display would adjust the current with ALS. When a display is long-term used in high-brightness environment, the TMP structure could enhance the color stability of the display under high current. Consequently, TMP technology might be applied in Micro LED display image to increase its color quality and lifetime in the future.
